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1 Introduction
The development of miniaturized sensor systems and
monolithic sensor arrays for (bio-)chemical analysis has
been in the focus of scientific and commercial interests in
the field of analytical chemistry [1], biotechnology, medi-
cine [2–4], environmental monitoring and industrial pro-
cess control in the last decades. A review of recent advan-
ces in miniaturized sensor systems can be found in [5].
Such monolithic sensor arrays integrate several sensors
on one chip configured for the detection and control of
various combinations of (bio-)chemical and physical pa-
rameters such as pH value, analyte concentration, electro-
lyte conductivity, temperature, pressure, flow rate and
many more. Often, these systems are based on different
transducer principles and require a wide variety of sensi-
tive materials and processes. The production of such inte-
grated sensor systems necessitates complex manufacturing
processes including a restriction in materials and the lim-
ited choice in fabrication processes and steps. On the
other hand, monolithic sensor arrays offer unprecedented
advantages over discrete sensors with regard to increased
functionality and flexibility as well as reduced sizes and
costs [5–7].
Perovskite oxides have been known for their outstand-
ing, multifunctional properties (ferroelectric, dielectric,
electrooptic and piezoelectric) providing a manifold of
applications including dynamic access memories, decou-
pling capacitors and tunable devices [8]. Even though
these perovskites exhibit a number of important device
applications, their full potential needs to be further ex-
ploited. Recently, perovskite oxides have aroused increas-
ing attention as catalytically active multifunctional mate-
rials in the field of (bio-)chemical sensors. Some of such
virgin application frontiers for perovskite oxides of differ-
ent compositions include, for instance, pH sensing [9–13],
hydrogen peroxide [14–16] and hydrocarbon detection
[17]. One of the most popular and intensively studied
multifunctional perovskite-oxide materials is barium
strontium titanate [18]. In previous experiments, the BST
films have been applied for the detection of humidity
[19,20], for the detection of hydrogen [21] and ammonia
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gas [22] or for the development of single sensors sensitive
to pH [23,24].
In the present work, a Si-based sensor chip covered
with a high-k BST layer has been developed for a quasi-
simultaneous multiparameter detection of pH, electrolyte
conductivity and temperature. The chip combines a four-
electrode capacitively-coupled contactless electrolyte-con-
ductivity detection (so-called C4D) sensor, a capacitive
field-effect electrolyte-insulator-semiconductor (EIS) pH
sensor and a thin-film Pt temperature sensor. All sensors
were covered with the same BST film prepared by means
of pulsed-laser deposition (PLD). The role of the BST
layer is of multipurpose: It serves as a pH-sensitive trans-
ducer material for the field-effect pH sensor, as an insula-
tor layer for developing the contactless conductivity
sensor, and as passivation layer, which protects the metal
electrodes of the conductivity and temperature sensors
from corrosion, contamination and fouling.
The results of testing of the individual sensors of the
developed multiparameter sensor chip are presented. In
addition, a combined characterization of the sensor chip
in buffer solutions with different pH value and electrolyte
conductivity is performed. To study the sensor behavior
and the suitability of BST as multifunctional material
under harsh environmental conditions, the sensor was ex-
emplarily tested in a biogas digestate.
2 Fabrication of the Multiparameter Sensor Chip
Figure 1 shows the schematic cross section (a) and the
top view (b) of the fabricated multiparameter sensor chip.
The developed multiparameter sensor chip combines
three sensors for measuring the conductivity, the pH
value and the temperature, thus, integrating different
transducer principles on one single chip. Four thin-film Pt
electrodes were used as an electrolyte-conductivity
sensor. Each of the four electrodes had a length of 4 mm
and a width of 1.5 mm and 1.0 mm for the inner and
outer electrodes, respectively. The inter-electrode spacing
between the inner electrodes was 0.5 mm and the gap be-
tween the inner and outer electrodes was 0.1 mm. As pH
sensor served a field-effect capacitive EIS sensor consist-
ing of an Al-p-Si-SiO2-Ta2O5-BST structure with a BST
layer as pH-sensitive material. The temperature sensor
was designed as meander-shaped Pt electrode with
a length of 1450 mm, a width of 600 mm, a finger gap of
90 mm and a finger width of 60 mm.
All three sensors were fabricated on a commercially
available four-inch Si-SiO2 wafer (525 mm thick p-Si, resis-
tivity 1–5Wcm, 5 mm thick SiO2, from Siegert Wafer
GmbH, Germany). A thick SiO2 layer was used for the
following two reasons: (i) to reduce the influence of the
parasitic capacitance of the SiO2 and the Si resistance on
the electrolyte-conductivity sensor and, (ii) to eliminate
possible cross-effects on the pH sensor caused from the
electrolyte-conductivity or temperature sensor. For these
reasons, the pH sensor was buried in this thick SiO2 layer.
Initially, a photolithographic step was performed to
define the gate area of the field-effect pH sensor. The
5 mm thick SiO2 layer was etched in hydrofluoric acid for
about 60 min for opening the gate area with dimensions
of (55) mm2. In a next step, a double-layer gate insula-
tor of SiO2-Ta2O5 was fabricated. The high-quality 30 nm
SiO2 was thermally grown by dry oxidation of Si at
1000 8C in O2 atmosphere for 30 min. The Ta2O5 films
were prepared by means of thermal oxidation of an elec-
tron-beam evaporated 30 nm thick tantalum layer in dry
oxygen atmosphere at 520 8C for about 45 min, resulting
in a ~60 nm thick Ta2O5 layer. To complete the fabrica-
tion of the pH sensor, the rear side of the SiO2 wafer was
etched and then, a 300 nm Al film was deposited as a con-
tact layer. A second photolithographic step was per-
formed for preparation of the conductivity and the tem-
perature sensor. A thin layer of ~20 nm Ti served as ad-
hesion layer and ~200 nm Pt as electrode material were
deposited by means of electron-beam evaporation fol-
lowed by a lift-off-process.
The processed wafer was diced into separate chips
(chip size: 10 mm15 mm). These chips were covered
Fig. 1. Schematic cross section (a) and top view (b) of the pre-
pared multiparameter sensor chip coated with BST layer as mul-
tipurpose material.
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with the BST layer to complete the fabrication process of
the multiparameter sensor chip. The BST films (~485 nm)
of Ba0.25Sr0.75TiO3 composition were prepared by PLD
technique by using targets fabricated via the self-propa-
gating high-temperature synthesis (SHS) method. The
process steps of the BST synthesis are described in detail
in [24]. To protect the bond pads of the conductivity and
temperature sensor, the BST films were deposited using
a Si-shadow mask. The deposition was performed in an
oxygen atmosphere (gas flow 30 mL/min, pressure
2103 mbar) using a KrF-excimer laser (Lambda
LPX305) with a pulse width of 20 ns and a pulse energy
of approximately 1 J per pulse. When using a deposition
time of 300 s, an energy density of 2.5 J cm2 and a repeti-
tion rate of 10 Hz, the BST layer thickness amounted ap-
proximately to 485 nm. Finally, the multiparameter sensor
chip coated with BST was mounted on a printed circuit
board (PCB), followed by ultrasonic wire bonding and
encapsulation processes.
For electrochemical characterization, the PCB sub-
strate was mounted in a home-made measuring cell and
the sensor chip was sealed by an O-ring. The pH sensor
was contacted on its front side by the electrolyte and
a reference electrode (conventional liquid-junction Ag/
AgCl electrode, Metrohm), and on its rear side by a gold-
plated pin.
3 Physical Characterization of the BST Layer
Physical properties (stoichiometry, thickness and surface
morphology) of the BST layer have been investigated by
Rutherford backscattering spectrometry (RBS), scanning-
electron microscopy (SEM) and atomic force microscopy
(AFM). For this, separate chips consisting of p-Si-SiO2-Ti-
Pt structure covered with BST layer were fabricated.
RBS measurements were performed using 1.4 MeV H+
ions. Figure 2 depicts a typical RBS energy spectrum of
a BST layer deposited on a Si substrate. The measured
RBS spectrum is in good agreement with the simulation
performed with Rutherford Universal Manipulation Pro-
gram (RUMP) [25]. Clear steps corresponding to the con-
stituent elements (Ba, Sr, Ti, O) were detected. The
energy edges of the particular elements are indicated
by arrows. The analysis of the RBS measurement
verifies the stoichiometric composition to the deposited
Ba0.25Sr0.75TiO3.
To explore whether the BST film completely covers the
Pt electrodes of the conductivity and temperature sensor,
a cross-sectional SEM analysis of the Si-SiO2-Ti-Pt-BST
layer stack at the electrode transition region was conduct-
ed, which is presented in Figure 3. This SEM image was
obtained using focus-ion beam (FIB Helios 600, FEI) for
sample preparation resulting in perpendicular profiles.
For this procedure, an additional protective Pt film was
deposited on top of the BST layer. The image shows the
layer stack p-Si-SiO2-Ti-Pt-BST and the transition region
between electrode edge and the substrate material. As
can be clearly seen, the BST layer is completely closed
over the sensor structure.
Figure 4 illustrates AFM height (a) and phase (b) mi-
crographs of the surface of the prepared BST film with
a scan area of (22) mm2. They were recorded in the tap
ping mode using a BioMat Workstation (JPK Instru-
ments, Germany). The micrographs show a closed BST-
thin film without micro-cracks or pores. The thin film has
a smooth surface with an average surface roughness of
1.3 nm. The BST surface possesses a grainy texture with
a typical grain size of ~50 nm.
For the determination of the dielectric constant of the
BST layer, separate capacitive metal-insulator-metal
structures with BST films sandwiched between bottom
and top Pt electrodes were prepared. A dielectric con-
stant for the 485 nm thick BST film was found to be
Fig. 2. RBS measurement of a Ba0.25Sr0.75TiO3 film deposited on
a Si substrate. Simulation (solid line) is compared to experimen-
tal data (full squares).
Fig. 3. Cross-sectional SEM picture of a Si-SiO2-Ti-Pt-BST
layer stack at the electrode transition region.
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around 2608 that is in good agreement with results re-
ported for a PLD-deposited 450 nm thick BST layer [26].
4 Results and Discussion
Before the quasi-simultaneous measurement with the
BST-based multiparameter sensor chip was performed,
each sensor was characterized individually. The sensors
functioning principle and measuring procedure will be
briefly described in the corresponding sections.
4.1 Characterization of the Conductivity Sensor
Electrolyte-conductivity measurements are usually con-
ducted using nearly ideally polarized, inert metal electro-
des such as platinum or gold, which are in direct contact
with the electrolyte. Especially in harsh and aggressive
environments, the effect of redox processes, bubble for-
mation due to electrolysis, as well as contamination and
fouling of electrodes during continuous use are frequent
problems [27–30]. These problems can be overcome,
when the electrodes are electrically insulated from the
electrolyte solution by covering them with a protective
layer. The sensor couples capacitively with the electrolyte,
which is known as capacitively coupled contactless con-
ductivity detection (C4D). However, due to the additional
capacitance of the protective layer that is usually much
lower than the double-layer capacitance of non-protected
electrodes, the electrode impedance is increased [29, 31].
As a consequence, C4D sensors usually exhibit a lower
sensitivity when compared to conventional contact-mode
conductivity detection. To find a compromise, the protec-
tive material should exhibit a high permittivity in order to
reduce the electrode impedance. These requirements are
met by the high-k BST thin film.
The electrolyte-conductivity sensor with the protective
BST layer was characterized in a four-electrode configu-
ration. In the four-electrode configuration the two outer
electrodes were used as current-driving electrodes (apply-
ing an alternating current of 20 mA), while the two inner
electrodes were used as potential-sensing electrodes. For
characterization, the sensor was exposed to different com-
mercially available electrolyte-conductivity standard solu-
tions ranging from 0.084 to 50 mS/cm. Impedance spectra
were recorded with an impedance analyzer module (Zen-
nium, Zahner Elektrik GmbH, Germany) covering a fre-
quency range from 1 Hz to 100 kHz. Since electrolyte
conductivity is strongly dependent on temperature, all
measurements were performed at a constant temperature
of 25 8C in a Faraday cage.
In Figure 5, the impedance spectra of the BST-based
C4D sensor measured in a four-electrode configuration
are presented. The sensor exhibits a wide resistive plateau
over more than four frequency decades. This is advanta-
geous because the electrolyte resistance Rsol can be deter-
mined at a wide frequency range. In Figure 6, the electro-
lyte conductance is plotted as a function of the electrolyte
Fig. 4. AFM height (a) and phase (b) image with a scan size of
2 mm2 mm recorded in the tapping mode. The BST image re-
veals a smooth and homogeneous surface.
Fig. 5. Bode plot of the modulus of impedance as a function of
frequency of the C4D sensor with 485 nm BST as protective layer
recorded in a four-electrode setup in various conductivity stan-
dard solutions.
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conductivity. The calibration curve is obtained from the
Bode plot in Figure 5 at a frequency of 500 Hz. As can be
seen, the developed four-electrode C4D based on BST
shows an excellent linearity (dashed line) with a correla-
tion coefficient of 0.999 over a wide range of electrolyte
conductivities. From the inverse of the slope of this curve
the cell constant has been calculated to be 1.99 cm1.
4.2 Characterization of the pH Sensor
In [24], it has been demonstrated that BST exhibits excel-
lent pH-sensitive characteristics. Thus, the BST coating is
used as an alternative gate material for the capacitive
field-effect pH sensor.
The field-effect capacitive electrolyte-BST-insulator-
semiconductor structure was characterized in different
pH buffer solutions (from pH 3 to pH 11) in terms of its
intrinsic sensor characteristics such as pH sensitivity and
hysteresis. For operation, a DC (direct current) polariza-
tion voltage is applied via a conventional Ag/AgCl refer-
ence electrode and the rear-side Al contact of the chip to
set the working point of the sensor. A small AC (alternat-
ing current) voltage (20 mV) is applied to the system in
order to measure the capacitance of the sensor. The
sensor output signal was read out in the constant-capaci-
tance (ConCap) mode using an impedance analyzer (Zen-
nium, Zahner Elektrik GmbH, Germany). The ConCap
mode allows the dynamic characterization of the sensor.
Figure 7 exemplarily demonstrates the dynamic pH re-
sponse of the capacitive field-effect sensor recorded in
different pH Titrisol buffer solutions at a frequency of
120 Hz.
The sensor signal depicts a clear dependence of the pH
value of the solution within the pH-loop cycle. In the
range from pH 3 to pH 11 the field-effect sensor exhibits
a high pH sensitivity of 57.4 mV/pH with a small hystere-
sis of less than 2 mV. That is comparable with values re-
ported for Si3N4 (54 mV/pH [32,33]), Al2O3 (49–57 mV/
pH [34]) and Ta2O5 (55–59 mV/pH [35–37]) films, which
have often been utilized as pH-sensitive transducer mate-
rial in ion-sensitive field-effect transistors or capacitive
field-effect sensors. The hysteresis was less than 2 mV (or
0.035 pH).
4.3 Characterization of the Temperature Sensor
A stable passivation is also needed for the temperature
sensor to avoid corrosion of the electrodes. Electrode cor-
rosion leads to an increase in the specific resistivity and
loss of the Ohmic characteristics of the temperature
sensor.
The temperature sensor was characterized at various
temperatures using a temperature-controlled water bath
(RCS 6, Lauda Dr. R. Wobser GmbH & Co KG, Germa-
ny) filled with distilled water. The resistance of the mean-
der-shaped Pt structure was determined with a multimeter
(2700 Multimeter, Keithley Instruments) in the tempera-
ture range between 20 8C and 40 8C increasing the tem-
perature in 5 8C steps.
In Figure 8, the calibration curve of the temperature
sensor passivated with BST is presented. The sensor ex-
hibits a linear calibration curve with a temperature coeffi-
cient of 0.0034 8C1. The nominal resistance R0 at 0 8C
was 98.3 W.
4.4 Combined Measurement in Buffer Solutions and
Biogas Digestate
To investigate the proper independent functioning of the
individual sensors, the developed multiparameter sensor
chip was characterized in three buffer solutions with dif-
ferent electrolyte conductivities and pH values. Finally,
the sensor was immersed to digestate to test its feasibility
under real conditions.
Fig. 6. Conductance as a function of the electrolyte conductivity
measured with the C4D sensor. The calibration curve is obtained
from the Bode plot in Fig. 5 at 500 Hz.
Fig. 7. Typical ConCap response of the BST-based capacitive
field-effect pH sensor.
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The digestion process is usually performed at constant
temperature, as temperature changes or fluctuations
effect the biogas production negatively. To create compa-
rable conditions, the entire measurement was conducted
in a thermostated oven to maintain a constant tempera-
ture of 37 8C during the experiment. Table 1 gives an
overview of the different solutions used and their conduc-
tivity and pH value at a temperature of 37 8C.
The first three solutions (A to C) are commercially
available Titrisol buffer solutions (Merck, Germany)
whose conductivity and pH value were adjusted if neces-
sary with KCl and NaOH, respectively. The digestate was
gathered from a laboratory-scale anaerobic digester. The
plant is working under mesophilic temperature conditions
(37 8C) containing solely manure from dairy cows. In
order to turn down the metabolism of the organisms in
the digestate, it was collected from the plant and then
stored at room temperature until use. Thus, the organisms
were fully fermented and no fluctuations in conductivity
and pH value were expected to be measured when ap-
plied to the sensor. The conductivity and pH values of
the three solutions and of the digestate sample were de-
termined with a commercial conductivity (Mettler
Toledo, InLab731) and pH glass electrode (Hamilton,
Double Pore) before exposing the multiparameter sensor
chip to the solutions and after measurements.
Afore performing the quasi-simultaneous measure-
ment, the conductivity, pH and temperature sensors of
the multiparameter sensor chip coated with BST were
calibrated by means of a two-point calibration. The con-
ductivity sensor was calibrated using 12.88 mS/cm and
20 mS/cm conductivity standards, respectively. Standard
buffer solutions of pH 7 and pH 9 were used to calibrate
the pH sensor at 37 8C. The temperature sensor was cali-
brated by means of a heating ramp ranging from 37 8C up
to 50 8C. The obtained calibration data were utilized to
convert the raw signals into the physical quantities.
During experiment, the multiparameter sensor chip
was first exposed to three different buffer solutions to
demonstrate the general functioning of the sensor chip
and finally to digestate. The output signals of the three
sensors were readout sequentially (quasi-simultaneously).
All devices were triggered in a multiplexed manner using
a custom-developed software in LabVIEW.
In Figure 9, the quasi-simultaneous measurement of
conductivity, pH value and temperature conducted with
the multiparameter sensor chip coated with BST over
a time span of 20 hours is presented. The measuring
Fig. 8. Calibration curve of the meander-shaped Pt temperature
sensor coated with BST.
Table 1. Overview of the used solutions and their conductivity
and pH value at a temperature of 37 8C. These values were deter-
mined before and after each measurement with commercial elec-
trodes as a reference.
Solution Conductivity (mS/cm) pH value
A 14.00.1 7.310.02
B 20.30.1 6.980.02
C 20.30.1 8.870.02
Digestate 8.00.1 7.080.02
Fig. 9. Measurement of conductivity (top), pH value (middle)
and temperature (bottom) with the multiparameter sensor chip
coated with BST as multipurpose material.
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curves were obtained by converting the data into physical
quantities using the calibration results for each particular
sensor. As can be seen, there is no cross-talk between the
sensors on the chip. All three sensor parts exhibit a very
stable sensor signal for each sample solution over a time
span of 5 hours. Besides the temperature drops due to
door opening other deviations from the target tempera-
ture are mainly attributed to the unsteadiness of the con-
trol loop of the thermostated oven, which is specified as
steady within 0.2 8C.
5 Conclusions
The multiparameter sensor chip combining electrolyte
conductivity, pH and temperature sensor and using BST
as multipurpose material has been developed. The indi-
vidual sensors on the chip have been tested in terms of
their intrinsic sensor properties. The four-electrode elec-
trolyte conductivity sensor exhibits excellent linearity in
a wide range of electrolyte conductivities from 0.084 mS/
cm to 50 mS/cm. The pH sensor shows a nearly-Nernstian
pH sensitivity of S=57.4 mV/pH in the range from pH 3
to pH 11. The temperature sensor possesses a linear tem-
perature calibration curve in the temperature range of
20–40 8C with a temperature coefficient of a=0.0034 C1.
In addition, the developed chip with three combined
sensors was quasi-simultaneously characterized in a se-
quentially scheduling manner in buffer solutions with dif-
ferent electrolyte conductivity and pH values as well as in
biogas digestate.
Advantageously, the BST-protected C4D sensor allows
the use of cheaper electrode materials such as, for in-
stance, Al films instead of noble metals. Furthermore, the
problems associated with contact-mode EC detection
techniques, can be eliminated or at least minimized. This
enhances the life-time of conductivity sensors considera-
bly.
The obtained results demonstrate the feasibility of the
developed sensor chip with BST layer as multifunctional
material. A potential application of this kind of sensor
could be in the field of process control for biogas fermen-
tation. Biogas production by anaerobic digestion has
gained increased importance for reducing the volume of
agricultural waste and supplying carbon neutral fuel for
energy generation. The anaerobic degradation of organic
materials is known to be a highly complex multistep pro-
cess, which is influenced by various microbiological,
chemical and physical factors [38]. The process control
therefore requires the acquisition of various metrics such
as fatty acid concentration, pH, temperature and buffer
capacity in order to gain information about the process
flow. Further applications could be in the field of water-
quality control or cell-culture fermentation.
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